We used the phosphatase substrate 2-(5'-chloro-2'-phosphoryloxyphenyl)-6-chloro4[3Hj-quinazolinone, with standard alkaline phosphatase-mediated immunohistochemical techniques, to visualize a number of antibodies that bind to adult zebdish retinal tissue. This compound, known as the ELF (enzyme-iabeled-~uor~n~) phosphatase substrate, produces a precipitate that fluoresces at ~500-580 nm (bright yellow-green). We show that the precipitated product from the ELF phosphatase substrate has a number of characteristics that make it superior to fluorescein-labeled secondary reagents. The staining produced with the ELF substrate is much more photostable than that produced by
Introduction
Multicolor fluorescence microscopy can provide information about the spatial relationships of two or more types of coexistent molecules in cells or tissues. Although fluorescein has long been the green fluorophore of choice in multicolor applications, the fluorescein fluorophore is extremely photolabile, particularly when viewed through a high numerical aperture lens (10) . Moreover, fluorescein's spectral properties are similar to those of some endogenous fluorescent components that may be present in cells and tissues, thereby limiting its detectability in autofluorescent tissue. For example, the average cultured 3T3 fibroblast has been estimated to have an autofluorescence equivalent of 34,000 fluorescein molecules when excited at fluorescein's optimal excitation wavelength (26) . Here we describe an altemate green fluorescence label for multicolor applications that overcomes these limitations.
The reagent used in these experiments, 2-(5'-chloro-2'-phosphoryloxyphenyl)-6-chloro-4-[ 3H]-quinazolinone, is a phosphatase substrate that has previously been used to detect phosphatase activity in cultured cells (13, 30) . This substrate, which has recently become commercially available, is now known as the ELF phosphatase substrate. To test the usefulness of the ELF substrate for enzymemediated immunohistochemical techniques, we probed zebrafish ~ Supported by NIH grant R43GM48306-01 (RF'H). Correspondence to: K. D. Larison fluorescein-labeled secondary reagents, thus allowing time to examine, focus, and photograph the ELF-labeled tissue under high magnification. Moreover, the ELF precipitate exhibits a Stokes shift of greater than 100 nm, a characteristic that has enabled us to overoome the problem of distinguishing signal from background in this autofluorescent tissue. In addition, we show that the ELP product's large Stokes shift makes the ELF substrate ideal for multicolor applications. retina with several different primary antibodies and developed the tissue for visualization by sequentially adding biotinylated secondary antibody, streptavidin, biotinylated alkaline phosphatase, and the ELF substrate. Here we report on the localization of five different regionor cell-specific antibodies using this method. In these experiments, we found that the ELF product's green fluorescence signal is much more photostable than that provided by fluorescein-labeled secondary reagents. Moreover, the ELF product has spectral characteristics that overcome the problem of autofluorescence and make it compatible for use in multicolor applications.
Materials and Methods
Spectroscopy. The ELF precipitate 2-(5'-chloro-2'-hydroxyphenyl)-6chloro-4-[3H]-quinatolinone was added to an aqueous solution (10 mM Tris, 200 mM NaCI, 1 mM MgC12, 0.1 mM ZnC12, 0.1% dimethylsulfoxide, pH 8). The excitation and emission spectra of this solution were run in a quartz cuvette on a PTI Alphascan fluorometer (Photon Technology International; South Brunswick, NJ). The solution was sonicated to disperse the precipitate before collection of the data. For the excitation spectra, the emission intensity was monitored at 530 nm. For the emission spectra, the sample was excited at 365 nm.
The excitation spectrum of tetramethylrhodamine was run in PBS on an SLM Aminco SPF-55OC spectrofluorometer (SLM Instruments; Urbana, IL). The emission intensity was monitored at 600 nm.
In the Hoechst emission spectra, the Hoechst 33342 was first bound to calf thymus DNA (Sigma; St Louis, MO) at a base pair-to-dye ratio of 50. The spectrum was then run in 10 mM Eis, 1 mM EDTA, 50 mM NaCI, pH 7.4, on a FTI Alphascan spectrofluorometer.
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Antibodies and Leains. The rabbit anti-glial fibrillary acidic protein (anti-GFAP) was obtained from Chemicon International (Temecula, CA). The FRet 6, -19, and -43 mouse monoclonal antibodies (MAbs) have previously been described (16, 29) . The antigen used to generate MAb FRet 45 consisted of a membrane fraction from adult zebrafish retina. The immunization protocols (16) and methods for generation of the hybridomas (29) have been described elsewhere. The biotinylated secondary antibodies and tetramethylrhodamine conjugate of wheat germ agglutinin were obtained from Molecular Probes (Eugene, OR). All other secondary reagents used in these experiments were contained in the ELF Immunohistochemistry Kit (Molecular Probes).
Animals. Adult zebrafish (Brachydmio rerio)
were used in all experiments. Wild-type animals were used in most experiments. The alb-1 mutant, which is homozygous at a genetic locus affecting pigment expression (28) . was used for probing with FRet 45, an MAb that binds to retinal pigment epithelium. Tissue Preparation. Adult zebrafiih heads were immersed in 4% paraformaldehyde in 100 mM phosphate, 0.15 mM CaC12, 4% sucrose, pH 7.3. After 6 hr at 4°C. the heads were washed in phosphate buffer, placed in 30% sucrose overnight at 4'C, and then embedded in Tissue Tek OCT before freezing. Sixteen-pm frozen sections were cut and transferred to gelatincoated slides.
Immunohistochemistry. Sections of the zebrafish retina were preincubated for 30 min in blocking buffer [30 mM Tris, 150 mM NaCI, 1% bovine serum albumin (BSA), 0.5% Triton X-100, pH 7.51. Blocking buffer was removed and primary antibody was added, either undiluted or diluted in wash buffer (30 mM Trk, 150 mM NaCI, 1% BSA, 0.05% Triton X-100, pH 7.5). If a mouse anti-FRet MAb and arabbit anti-GFAP polyclonal (PAb) were being developed for visualization on the same section, both were added to the tissue simultaneously. The ELF signal was generated with standard avidin-sueptavidin bridging techniques used in enzyme-mediated immunohistochemistry (11, 12) . Secondary reagents were diluted in the above wash buffer. When tetramethylrhodamine (TMR)-labeled reagents (goat antimouse antibody, goat anti-rabbit antibody, or wheat germ agglutinin) were used in the experiment, they were included in the final incubation step, along with the biotinylated alkaline phosphatase supplied in the ELF Immunohistochemistry Kit. Triton X-100 and BSA were excluded from the final washes because they adversely affected generation of the ELF signal. The reaction was run in the buffer provided in the kit. The reaction was stopped after 8-12 sec by removing the reaction buffer containing the ELF substrate and rapidly rinsing the sections several times in 150 mM Tris, 100 mM EDTA, 1 mM levamisole (Sigma), 0.05% TritonX-100, pH 8. The sections were then incubated on top of a shaker for approximately 10 min in 25 mM EDTA, 1.0 mM levamisole, 0.05% Triton X-100 in PBS, pH 7.2.
This PBS stop buffer was replaced intermittently during the incubation. Note that when the ELF substrate was applied to untreated retinal tissue, a characteristic staining pattern of endogenous alkaline phosphatase activity did appear, but only after 5-10 min of incubation; the wash steps outlined here remove the ELF substrate before any signal from endogenous activity can develop.
Any nucleic acid dyes used as counterstains (0.5 pM propidium iodide or 0.125 pM Hoechst 33342 (Molecular Probes; Eugene, OR)] were added to the PBS stop buffer. The PBS stop buffer was then removed and the slide was mounted either in anhydrous glycerol or in the mounting medium provided in the kit. tion and detection were done with optical filters optimal for detecting the signal under analysis (the ELF precipitate or fluorescein).
Photography. All photomicrographs were taken with a Nikon Labophot microscope equipped with fdter sets from Omega Optical (Brattleboro, VT). The ELF signal was visualized through either a longpass HoechstIDAPI filter set (excitation 365 2 8 nm; emission 3400 nm) or through the ELF filter (excitation 365 2 8 nm; emission 3515 nm). The triple-color photomicrographs were acquired either by double-exposure through the tetramethylrhodamine (TMR) and Hoechst/DAPI longpass filter sets or by triple-exposure through the ELF, AMCA (excitation 365 2 8 nm; emission 450 33 nm), and TMR (excitation 546 t 5 nm; emission 2590 nm)
filter sets. The f i l m used was Ektachrome Elite 400 color slide film; typical exposure times were 2-3 sec for the ELF and Hoechst signals and 5-10 sec for the tetramethylrhodamine signal. 
Results

Spectral Characteristics
The product formed from the enzymatic cleavage of the ELF substrate exhibited a large Stokes shift, as is characteristic of many suucturally similar fluorescent molecules containing an intramolecular hydrogen bond (532) (Figure 1 ). In other words, the ELF product's maximum excitation at -360 nm was well separated from its maximum fluorescence emission at -540 nm, as shown in Figure 2 .
The shape of the ELF product's excitation spectrum resembles that of another class of molecules containing an intramolecular hydrogen bond, the 2'-hydroxyphenyl benzimidazoles (1, 5, 6) . The large Stokes shift makes the ELF product a particularly good label for probing zebrafish retina, a tissue that exhibits considerable autofluorescence. Figure 3 shows retinal tissue that has been probed with FRet 43, an antibody that selectively binds to a doublecone antigen (16) . The ELF substrate was used to localize this antibody, and then the tissue was photographed through the ELF ( Figure 3a , only the ELF label is apparent when the tissue is viewed through the ELF filter set. The background is black no autofluorescence is evident. As shown in Figures 3b and 3c , the tissue exhibits considerable autofluorescence in the region of the inner and outer segments of the cone cells when viewed through the fluorescein and TMR filter sets. The fluorescence intensity in these photos closely matches that seen through the microscope. Unstained tissue that has been mounted and stored in a manner similar to that of the tissue shown in Figure 3 exhibits a similar pattern of autofluorescence. A fluorescein or tetramethylrhodamine signal would be difficult to distinguish from the autofluorescent background in this region of the retina. The tissue in Figure 3 was mounted and stored for approximately 3 months. It should be noted that freshly mounted tissue exhibits much less autofluorescence.
Photostability
During our investigations of the ELF substrate, we observed that the signal generated in our experiments was extremely photostable, another property that is apparently characteristic of crystalline fluorescent compounds containing an intramolecular hydrogen bond (5, 32) . Because photobleaching is a particular problem in applications that employ fluorescein-labeled probes, we undertook a sideby-side comparison of the relative photobleaching rates of immunohistochemical preparations labeled either with ELF or with fluoresceinated secondary reagents. The retinal sections used in these experiments were first probed with MAb FRet 43, which is specific for double cones. To maximize the fluorescence in our fluoresceinstained preparation, we amplified the signal by adding a biotinylated secondary antibody and then developed the tissue for visualization with fluorescein-labeled streptavidin. The methods used in the Emlabeled preparations are described in Materials and Methods. In this experiment, we subjected each preparation of stained tissue to constant illumination through a high numericalaperture lens, gathering images in our CCD camera at t h e d intervals. As shown in Figure 4a , the fluorescence intensity of the fluorescein-stained sample was diminished by 75% in only 6 sec under these extreme excitation intensities. In contrast, the intensity of the Emstained tissue decreased by only 15 % after 600 sec of constant illumination (Figure 4b ), thus demonstrating that the ELF signal is approximately 500-fold more photostable than that of fluorescein in this application. We also noted that at time zero the fluorescence intensity of the signal from the ELF-stained sample was somewhat greater than that of the fluorescein-stained sample.
Multicolor Applications
The excitation spectrum of the ELF precipitate is distinct from the excitation peaks that are commonly used to excite tetramethylrhodamine ( Figure 5 ) and Texas Red (data not shown). Moreover, DNAbound propidium iodide has an excitation peak that is almost identical to the TMR peak shown in Figure 5 . To simultaneously visualize the ELF signal and tetramethylrhodamineor DNA-bound propodium iodide, we double-exposed our photographic film through the TMR filter set and either the ELF or the Hoechst/DAPI longpass filter. We found no bleed-through of the ELF signal with our TMR filter set. The Hoechst/DAPI longpass filter is commonly supplied with fluorescence microscopes and can be used to simultaneously visualize the ELF signal and a number of blue fluorescent dyes. Although there is some spectral overlap in the emissions of Hoechst 33342 and the ELF product ( Figure 6 ), these two signals appear distinct through the HoechstlDAPI longpass filter.
In (Figure 10 ). The counterstains used in these tissue sections included TMR-labeled wheat germ agglutinin (Figures 7 and 8a ) and the nucleic acid stains Hoechst 33342 (Figures 7,8a , and 10) and propidium iodide ( Figure 9 ). It should be noted that the ELF signal appears yellow when it is co-localized with a red signal (Figures 7 and 9) , whereas it becomes a brilliant light blue when it is co-localized with a blue fluorescent probe (Figures 7, 8a, and 10) . These stained preparations clearly demonstrate that the ELF substrate can be used to provide detailed resolution of antigen localization in multicolor applications.
The transverse zebrafish retinal sections shown in Figure 10 were labeled with FRet 19 (a mouse MAb), anti-GFAP (a rabbit polyclonal), and Hoechst 33342. FRet 19 binds to ganglion cell axom (long arrows) and to the outer plexiform layer (short arrows), whereas anti-GFAP binds to retinal Muller cells. In these two fluorescence micrographs, the methods of detection have been reversed so that FRet 19 antigen is labeled with the ELF precipitate in Figure loa and with a TMR-labeled secondary antibody in Figure lob , whereas the GFAP antigen has been labeled with a TMR-labeled secondary antibody in Figure 10a and with the ELF precipitate in Figure lob . These photomicrographs show that the ELF substrate yields localization that is identical to that provided by a fluorophore-conjugated secondary antibody. 
I Discussion
The ELF substrate, which produces a bright yellow-green precipitate at the site of enzymatic activity, has a number of properties that make it useful for immunohistochemical applications. First, the ELF product's excitation maximum is well separated from its fluorescence emission maximum. This unusually large Stokes shift is characteristic of fluorescent molecules with an intramolecular hydrogen bond (5,32) . The difference between the excitation and emission maxima of most endogenous fluorescent components in the tissue is typically much less. With the correct choice of filters, the ELF signal can easily be isolated from the inherent autofluorescence of the tissue, as we have shown here in the zebrafish retina. Second, like other molecules of this class (5,32), the ELF reaction product is extremely photostable. Here we have found the ELF signal to be about 500 times more photostable than that provided by fluorescein-labeled secondary reagents. Unlike fluoresceinlabeled tissue, ELF-stained tissue can be examined for long periods of time under conditions of high magnification, allowing the researcher ample time to examine, focus, and photograph the tissue under investigation. We have also shown that the ELF substrate can be used in multicolor applications with red fluorescent probes such as tetramethylrhodamine, propidium iodide, and Texas Red, as well as with blue fluorescent probes such as Hoechst, AMCA, and Cascade Blue. In a recent report, Murray and Ewen (21) used a fluorescence method originally described by Raap (25) to localize W i n e phosphatase activity in human liver and jejunum. In this method, When the tissue is viewed through the ELF filter set, no autofluorescence is apparent. When viewed through the fluorescein and TMR filter sets, however, the tissue shows considerable autofluorescence, particularly in the inner segments of the cone cells. The autofluorescent round profiles in b and c are the inner segments of the short single cones. These inner segments, which are not stained by FRet 43, are clearly not visible through the ELF filter set (arrows) . Had the FRet 43 antigen been visualized with fluorescein-or TMR-labeled secondary reagents, the tissue's autofluorescence would have given rise to ambiguous results. It should be noted that this tissue has been mounted for several weeks, which increases the tissue's autofluorescence. The autofluorescence evident in b and c is also present in unstained tissue that has been similarly mounted and stored. Wheat germ agglutinin also binds in the region occupied by the cone outer segments (short arrow) and synaptic pedicles (long arrow); therefore, these anatomical features of the ELF-stained double cones appear bright yellow, since they are double-labeled with both the ELF precipitate and tetramethylrhodamine. Although this section has also been counterstained with Hoechst 33342, the blue-stained nuclei are barely visible in this photomicrograph. However, the double cones' inner fibers (equivalent to axons) traverse the region occupied by the Hoechst-stained rod nuclei, giving them a light blue appearance. The inner segments, the myoids, and the nulcei of these double cone cells are labeled only with the ELF precipitate, giving them a characteristic green appearance. This image was obtained by triple-exposure of the film through the AMCA, TMR, and ELF filter sets. Bar = 20 pm. Figure 8. (a,b) Zebrafish retinal sections probed with FRet 6 (an MAb that binds to all cell surfaces just scleral to the outer limiting membrane) and developed for visualization with the ELF substrate. The outer limiting membrane isn't a membrane at all but rather is a distinct anatomic region at which the photoreceptors are attached by adherens junctions to the supportive glial cells of the retina (the Muller cells) (3.8). We have used immunohistochemical electron microscopy techniques to demonstrate that the FRet 6 antigen is present on the surfaces of rod myoids, cones, and Muller cell fingers in this region of the zebrafish retina (unpublished data). The transverse section shown in a has been counterstained with Hoechst 33,342 and TMR-labeled wheat germ agglutinin. The ELF signal appears blue-green since Hoechst-stained nuclei reside in this region. FRet 6 staining extends no further than the cone inner segments. Thus, unlike in Figure  7 , the WGA-labeled cone outer segments appear red in this photomicrograph. This image was obtained by tripleexposing the film through the AMCA, TMR and ELF filters sets. (b) The retina has been sectioned at a more oblique angle, revealing the outlines of the photoreceptor cells at the point where they transverse the outer limiting membrane. The round profiles (long arrow) represent the unstained interiors of the squat short single cones, lined up in rows as previously described (16). One can also see the profiles of the remaining cones (short arrow), which are quite thin at the point where they pass through the outer limiting membrane. The surfaces of the very slender rod myoids present in this region also bind MAb FRet 6, making the ELF staining appear somewhat striated. As can be seen, the FRet 6 antigen also conforms to the sinuous outlines of the cone inner segments, giving the staining a flamelike appearance. This image was photographed through the ELF filter set. Bars = 20 pm. (2,19,31) , but not in others (19) . The Muller cells extend from the inside surface of the retina to the outer limiting membrane, just beyond the outer plexiform layer (short arrows). The anti-GFAP antibody has been developed for visualization either with (a) a TMR-labeled goat anti-rabbit antibody or with (b) the ELF substrate. This anti-GFAP antibody also binds nonspecifically to the cone photoreceptors, regardless of the method of detection. calcium-binding fluorophores such as calcein are employed in a Gomori-type reaction to localize alkaline phosphatase activity. However, because calcein is a fluorescein derivative (25) , it suffers many of fluorescein's limitations. Specifically, it photobleaches rather rapidly at high magnification, and its Stokes shift is similar to that ELF TMR 250 350 450 550 650 Wavelength (nm) Figure 5 . Comparison of the excitation spectrum of the ELF precipitate (solid line) with the excitation peak commonly used with tetramethylrhodamine (TMR) conjugates (dashed line). The emission intensities were monitored at 600 nm for tetramethylrhodamine and 530 nm for the ELF product. DNA-bound propidium iodide has an excitation peak almost identical to the TMR peak. of the endogenous components sometimes found in tissue, precluding its use in autofluorescent preparations.
Azo dye techniques have also been employed to generate fluorescent alkaline phosphatase products (4). In particular, several recent reports have suggested that naphthol AS-MX phosphate and Fast Red TR can be combined to provide a useful fluorescence-based method, both for detecting endogenous alkaline phosphatase activity (23, 33) and for signal development in alkaline phosphatasemediated secondary detection of antibodies (14, 20, 22, 24) and mRNA (17, 18, 27) . However, it has been reported that the Fast Red TR salt used in these techniques stains cells nonspecifically (7, 15) , making this technique somewhat unreliable. To circumvent this problem, Kamalia and colleagues (15) have shown that Fast Red Violet LB exhibits little or no nonspecific staining and have used this dye in combination with naphthol AS phosphate to quantify alkaline phosphatase activity in bone marrow stromal cells with flow cytometry. It was previously reported, however, that Fast Red Violet LB yields a granular signal (33), making it unsuitable for resolving fine structures in immunohistochemical applications. In our hands, the techniques described for using the naphthol phosphate derivatives with Fast Red TR (27) and Fast Red Violet LB (15) either yielded an extremely poor signal-to-noise ratio or provided no signal, even after 30-min incubation (unpublished results).
We find that in enzyme-mediated immunohistochemical applications, the ELF phosphatase substrate yields low background staining and excellent signal resolution, thus providing a signal equivalent to that obtained with fluorophore-labeled secondary reagents. Moreover, the spectral characteristics of the ELF product make it an excellent substitute for fluorescein-conjugated secondary reagents in multicolor applications. We have shown that, unlike fluorescein-conjugated secondaries, the ELF label provides an extremely photostable signal. Moreover, because of its large Stokes shift it can successfully be used with autofluorescent tissues.
